Kobashi, Motoi, Tomoshige Koga, Masatoshi Mizutani, and Ryuji Matsuo. Suppression of vagal motor activities evokes laryngeal afferent-mediated inhibition of gastric motility. Am J Physiol Regulatory Integrative Comp Physiol 282: R818-R827, 2002; 10.1152/ajpregu.00180.2001.-We previously reported that the activation of water-responsive afferents in the superior laryngeal nerve was responsible for the inhibition of gastric motility. The present study was undertaken to clarify the roles of the vagal preganglionic neurons responsible for laryngeal afferent-mediated inhibition of gastric motility. Intravenous injection of atropine abolished the inhibition of motility in both the distal and the proximal stomach induced by water administration into the larynx. The neurons in the dorsal motor nucleus of the vagus (DMV), which project to the abdominal viscera, were exclusively inhibited by water administration. Taken together, inhibition of neurons in the DMV induces inhibition of gastric motility evoked by laryngeal water-responsive afferents via a cholinergic pathway. Because chemical lesions of the intermediate DMV, but not the caudal DMV, abolished the inhibition of the distal stomach motility induced by water administration, the intermediate DMV is responsible for the inhibition shown in the distal stomach. stomach; relaxation; superior laryngeal nerve; dorsal motor nucleus of the vagus; atropine THE AFFERENT NEURONS in the superior laryngeal nerve (SLN), which bifurcates from the vagal nerve, are responsible for protective reflexes such as apnea (45) and reflex swallowing (44). The SLN, which innervates taste buds distributed on the laryngeal surface of the epiglottis and on the larynx, responds to mechanical and chemical stimulation of the larynx and epiglottis (45). Individual fibers of the SLN are broadly chemosensitive, as are other gustatory nerves (6, 43). The most obvious difference between the sensitivities of chemosensitive fibers of the SLN and those in other gustatory nerves is in their response to water (6, 17, 43) . Several studies have suggested that afferent neurons responding to water (water fiber) in the SLN are involved in important functions such as diuresis, prandial drinking, and cardiovascular responses (16, 33, 41) . Our previous study revealed that water fiber in the SLN induced inhibition of gastric motility (21). This response may have a role in facilitating the reservoir function of the stomach. The inhibitory responses of the stomach have been abolished by sectioning of the SLN or cervical vagal nerve, suggesting the presence of vagovagal reflexes (21). However, the central processes and vagal motor output to induce this reflex are not yet known. Excitation of vagal motor fibers may cause either a facilitation or an inhibition of motility, suggesting two kinds of motor fibers (28). In fact, inhibition of vagal preganglionic fibers, whose excitation induces facilitation of motility, and excitation of vagal preganglionic fibers, whose excitation induces inhibition of motility, were observed during gastric relaxation caused by swallowing (31).
THE AFFERENT NEURONS in the superior laryngeal nerve (SLN), which bifurcates from the vagal nerve, are responsible for protective reflexes such as apnea (45) and reflex swallowing (44) . The SLN, which innervates taste buds distributed on the laryngeal surface of the epiglottis and on the larynx, responds to mechanical and chemical stimulation of the larynx and epiglottis (45) . Individual fibers of the SLN are broadly chemosensitive, as are other gustatory nerves (6, 43) . The most obvious difference between the sensitivities of chemosensitive fibers of the SLN and those in other gustatory nerves is in their response to water (6, 17, 43) . Several studies have suggested that afferent neurons responding to water (water fiber) in the SLN are involved in important functions such as diuresis, prandial drinking, and cardiovascular responses (16, 33, 41) . Our previous study revealed that water fiber in the SLN induced inhibition of gastric motility (21) . This response may have a role in facilitating the reservoir function of the stomach. The inhibitory responses of the stomach have been abolished by sectioning of the SLN or cervical vagal nerve, suggesting the presence of vagovagal reflexes (21) . However, the central processes and vagal motor output to induce this reflex are not yet known. Excitation of vagal motor fibers may cause either a facilitation or an inhibition of motility, suggesting two kinds of motor fibers (28) . In fact, inhibition of vagal preganglionic fibers, whose excitation induces facilitation of motility, and excitation of vagal preganglionic fibers, whose excitation induces inhibition of motility, were observed during gastric relaxation caused by swallowing (31) .
The consensus is that neuroeffector transmission from the excitatory vagal pathway is cholinergic and that it is consequently blocked by atropine or hyoscine (39) . Because much of the tonic input to the stomach is excitatory, the ablation of tonic inputs to the stomach causes the inhibition of gastric motility (29, 32) . Indeed, reduction of gastric tone induced by the antrum stretch receptor appears to be caused by the inhibition of vagal preganglionic neurons (29) . In addition, nonadrenergic and noncholinergic (NANC) myenteric neurons, activated by excitation of vagal preganglionic neurons, induce the inhibition of gastric motility (1) . Thus inhibition of gastric motility can occur because of the inhibition of vagal preganglionic neurons connected to cholinergic myenteric neurons and/or the excitation of vagal preganglionic neurons connected to NANC myenteric neurons. Anatomic studies revealed that the cell bodies of the vagal preganglionic neurons innervating the stomach are predominantly located at the dorsal motor nucleus of the vagus (DMV) (12, 35) . Therefore, the DMV neurons have a role in the extrinsic control of gastric functions.
Recently, the heterogeneity of the specific pathway for the inhibition of gastric motility was clarified (38, 49) . Neurophysiological recordings identified two sub-populations of DMV neurons (38) . The intermediate DMV contains neurons that were excited in response to esophageal distension and also contained neurons that were inhibited. In contrast, the caudal DMV exclusively contained neurons that were excited in response to esophageal distension. An anatomic study showed that fundic projecting neurons, which revealed nitric oxide synthase immunoreactivity (NOS-IR), were exclusively observed in the caudal DMV (49) . Thus the intermediate DMV and caudal DMV appear to be different in regulating gastric motor function.
The present study was undertaken to clarify the vagal output responsible for the inhibition in gastric motility induced by water fibers in the SLN found previously (21) . The effects of separate lesions of the different portions of the DMV on the inhibitory response of the gastric motility induced by water-responsive afferents in the SLN were investigated. The effect of peripheral muscarinic blockade on the inhibition of gastric motility induced by the administration of water was also investigated. In addition, the response characteristics of the DMV neurons to the administration of water into the posterior oral cavity were investigated.
MATERIALS AND METHODS
Animals and common preparation. Animal care was in accordance with the guidelines of the Physiological Society of Japan. Male Sprague-Dawley rats (260-350 g) were used. Each animal was anesthetized with an intraperitoneal injection of urethane-chloralose (urethane, 0.8 g/kg; chloralose, 65 mg/kg body wt). Subsequent anesthesia was administered as required through Silastic tubing (OD 1.0 mm, ID 0.5 mm) inserted into the right jugular vein. Each animal had a tracheal cannula made from polyethylene tubing (OD 2.07 mm). The esophagus was ligated to prevent the test solutions from entering the stomach. In this study, the portion of the DMV located at the point of exit of the obex or located caudal to the obex was defined as the "caudal DMV"; the portion of the DMV located between the obex and anterior tip of the area postrema (AP) was defined as the "intermediate DMV" according to a previous study (49) .
Recordings of distal stomach motility and the administration of water. The procedures for recording intragastric pressure and stimulating water fibers in the SLN were reported previously (21) . Each animal was fasted for 1 day before starting the experiment to empty the stomach. After anesthesia, an abdominal incision was made. An intragastric balloon, created from thin latex rubber and plastic tubing (OD 1.7 mm), was introduced into the stomach from the greater curvature just proximal to the limiting ridge toward the antrum. The balloon was secured by purse sutures around the gastric wall using 4-0 silk thread. Another tubing (OD 2.0 mm) was also introduced into the fundus to drain the gastric juices and was ligated with the gastric wall around the tubing. The gastric balloon was inflated with warm water at 37°C to a volume of 3.0 ml/kg body wt. The distal end of this tubing was connected with a strain-gauge pressure meter (NEC-Sanei, 6M82) to measure intragastric pressure. To administer the test solutions, an incision was made between the thyroid and circular cartilage after intubation of the intragastric balloon. Polyethylene tubing (PE-50, Intramedic) connected to a syringe was inserted into the larynx. Test solutions (0.1 ml) were administered manually for ϳ10 s at room temperature. Delivered solutions probably spread into the larynx, onto the epiglottis and also onto the pharynx. Ten minutes after each administration of water, the larynx was rinsed twice with 0.15 M saline. The interval between the stimuli was at least 20 min. The integrity of the success of the stimuli has been reported previously (21) .
Chemical lesions of the DMV. To evaluate the participation of the DMV neurons in the inhibition of gastric motility and to clarify the regional heterogeneity of the DMV, chemical lesions of the left DMV were performed. Separate lesions of the intermediate DMV and caudal DMV were made. To avoid difficulties producing symmetrical bilateral lesions, lesions were restricted to the left DMV. Before the lesions, animals underwent sectioning of the right cervical vagus to prevent efferent signals from preganglionic neurons of the right DMV. The right vagus was carefully separated from the right carotid artery, and then sectioning was performed as described previously (21) . The vagus was sectioned at the cervical level below where the SLN entered the vagal trunk, allowing afferent signals into the central nervous system. After vagotomy, the fourth ventricle was opened, removing the occipital bone. The inhibitory responses of the gastric motility of the distal stomach were confirmed by the administration of water (0.1 ml) into the larynx in the supine position. After evaluation of the inhibitory response of the stomach, kainic acid (4.7 mM dissolved in 2% Pontamine sky blue and 0.9% saline solution, 30 or 60 nl) was injected using a microinjector (Nihon Kohden, XF-320J) in the prone position. A glass micropipette (5-to 10-m tip diameter) was inserted into the left DMV through the dorsal surface of the medulla. Kainic acid was injected into the intermediate DMV (11 animals) or the caudal DMV (7 animals). The coordinates used relative to the obex were as follows: intermediate DMV, 0.5 mm rostral, 0.5 mm lateral, 0.5 mm ventral; caudal DMV, 0 mm rostral, 0.3 mm lateral, 0.5 mm ventral. After each injection, the animal was again secured in the supine position. Thirty minutes after the injection of kainic acid, water was again administered to evaluate the inhibitory response of the stomach. At the end of each experiment, the injection site was confirmed histologically by observing the extent of Pontamine sky blue. In six animals, saline was injected into the intermediate DMV as a control experiment (sham lesion). The contractile response was quantified by measuring the area under contractions (kPa ϫ min) using the Flextrace program (Tree Star) on a personal computer. The area was measured at 1-min intervals starting at the beginning of the injection of the test solution. The area before injection was also measured as a control. The mean value of the area 2 min before administration of water and 2 min after was used for comparison between pre-and posttreatment (motility area). To normalize the data, the ratio of the area between 2 min before injection and 2 min after injection was also used for analyses (motility ratio). All numerical values are represented as means Ϯ SE. Significant differences among the mean motility areas were evaluated using the paired t-test (P Ͻ 0.05 for significance). Significant differences between each mean motility ratio and 1.0 were also evaluated using the paired t-test (P Ͻ 0.05 for significance).
Effect of atropine on the inhibition of gastric motility. To demonstrate the cholinergic neurotransmission to the reflex in the periphery, the effects of atropine on the inhibition of distal stomach motility induced by the administration of water were investigated in eight animals. Atropine methyl nitrate, a peripherally acting muscarinic cholinergic receptor antagonist, was used (37) . Atropine methyl nitrate (1.0 mg/kg body wt, Sigma), which was dissolved in 0.15 M saline, was administered intravenously. This dose of atropine completely blocked the increase in intragastric pressure induced by the electrical stimulation of the peripheral cut end of the cervical vagus nerve in the rat (26) . Before the administration of atropine, the inhibitory response to the administration of water (0.1 ml) was confirmed. Intravenous injection of atropine reduced gastric tone and inhibited contractile activity. After the appearance of phasic contraction, the response of the stomach to the administration of water was again investigated (10-20 min after the administration of atropine). Significant differences among the mean motility areas were evaluated using the paired t-test (P Ͻ 0.05 for significance). Significant differences between each mean motility ratio and 1.0 were also evaluated using the paired t-test (P Ͻ 0.05 for significance).
The effects of atropine on the relaxatory response of the proximal stomach were also observed. Nine animals were used for this series of experiments. Each animal received both an administration of water and electrical stimulation of the central cut end of the SLN to elicit the relaxatory responses of the proximal stomach. The left SLNs were isolated from the surrounding tissue and sectioned as described previously (21) . The central cut end of the SLN was stimulated using a 20-Hz repeat electric pulse (0.1 ms in duration, 0.1 mA in intensity) for 20 s using platinum bipolar electrodes, because swallowing appears to be optimally evoked at a frequency of 20-30 Hz (11). The gastric balloon was introduced into the proximal part of the stomach from the tip of the fundus. The balloon was inflated with 0.4-0.6 ml of water (37°C). The initial intragastric pressure was 0.5-0.7 kPa. After evaluation of the relaxation induced by the administration of water (0.1 ml) and electrical stimulation, atropine methyl nitrate (1.0 mg/kg body wt) was injected manually. Five minutes after the administration of atropine, the left SLN was electrically stimulated. Twelve minutes after the administration of atropine, water was administered. The degree of the effect of each stimulus was evaluated by the maximal fall in the baseline of the intragastric pressure. For statistical analysis, analysis of variance was used (P Ͻ 0.05 for significance). Fisher's post hoc test was used to make comparisons between each value.
Recordings of neural activity in the DMV. Neural activities of the DMV neurons were recorded in 50 animals. After an abdominal incision, a cuff stimulating electrode (Unique Medical, Japan) was attached to the (anterior) ventral subdiaphragmatic vagus without sectioning to identify the DMV neurons that innervate the abdominal viscera by antidromic stimulation. Another catheterization was done to measure arterial blood pressure. In 10 experiments, a cuff stimulating electrode was also attached to the left SLN without sectioning. Electrical stimulations were delivered at a rate of 0.5 per second. Each animal received bilateral sectioning of the chorda tympani and the glossopharyngeal nerve. Both sides of the tympanic membrane were removed, and the chorda tympani nerves were sectioned. Both sides of the glossopharyngeal nerve were also sectioned between the external and internal carotid artery as described previously (21) . Polyethylene tubing (OD 2.3 mm, ID 1.5 mm) attached with a 15-gauge injection needle was introduced into the trachea rostrally to inject the test solutions. A suction system was used to remove the test solutions as described previously (6, 34, 43) . The animals were neuromuscularly blocked using gallamine triethiodide (10 mg/kg iv, Sigma) and ventilated with O2-enriched room air and positive end-expiratory pressure using a positive pressure ventilator (Narishige, AR-2) to exclude the influence of swallowing movements. Arterial blood pressure was measured through a catheter inserted into the left carotid artery. During neuromuscular blockade, the depth of anesthesia was assessed by monitoring the stability of the arterial blood pressure and the heart rate and the cardiovascular responses to pinching the paws. Neural activity was recorded in the DMV through a glass microelectrode filled with a 2% solution of Pontamine sky blue in 1.0 M sodium acetate (impedance, 10-20 M⍀ at 130 Hz). To minimize movements of the medulla caused by respiration and blood pulsation, a small metal ring was pressed onto the recording site. Test solutions were 0.15 M NaCl and water. The test solutions (1.0 ml) were administered manually for ϳ5 s via a syringe. The oral cavity was rinsed with isotonic saline (2.0 ml) three times 1 min after the administration of the test solutions. After recording of the antidromic response, test solutions were administered through the catheter manually. The penetrations were attempted in an area between 0.4 mm posterior and 1.0 mm anterior to the obex. Antidromic responses to the electrical stimulation of the anterior subdiaphragmatic vagus were recorded in the caudal and the intermediate DMV (see Fig. 6A ). At the end of the experiments, recording sites were marked by Pontamine sky blue. Injection sites were confirmed histologically, observing the extent of Pontamine sky blue. The discharges for 5 s immediately before the administration of water were compared with those for 5 s after the administration. When the discharges changed by 50% or more compared with the prestimulus values, the neuron was designated responsive. Significant differences among the discharges for 5 s were evaluated using the paired t-test (P Ͻ 0.05 for significance).
RESULTS

Role of the DMV on the gastric response.
The effects of the lesion of the intermediate DMV on the gastric motility of the distal stomach were investigated. Injection of kainic acid into the intermediate DMV were performed in 11 animals. Successful lesions of the intermediate DMV were confirmed histologically in seven animals. In the other four animals, injection sites were identified in the NST just dorsal to the DMV (2 examples) and the reticular formation lateral to the hypoglossal nucleus (2 examples). In these unsuccessful examples, a significant decrease in mean motility area induced by the administration of water was observed before the injection of kainic acid (t ϭ 8.24, P Ͻ 0.05, n ϭ 4) and after the injection (t ϭ 5.45, P Ͻ 0.05, n ϭ 4). Injection of kainic acid induced a transient increase in intragastric pressure followed by the inhibition of phasic contractions for several minutes in all successful examples. Ten minutes after the injection of kainic acid, phasic contractions were stabilized in frequency and in amplitude. Because the excitatory effect of kainic acid disappeared within 20 min as reported previously (22), the effect of the administration of water on the gastric motility was tested Ͼ30 min after the injection of kainic acid. Just before the administration of water, the motility area was larger than that before the lesion in three animals. However, no marked change in gastric motility was observed in the other four animals. Table 1 shows the analysis based on motility area. No significant differences were observed between mean motility area before the lesion and that after the lesion (n ϭ 7). Before the lesion of the intermediate DMV, the mean motility area for 2 min after the administration of water was significantly smaller (t ϭ 9.40, P Ͻ 0.05, n ϭ 7) than that before the administration. After the lesion of the intermediate DMV as shown in Fig. 1A , however, no significant difference was observed (n ϭ 7) between the mean motility area before the administration of water and that after the administration. The mean motility ratio observed before the lesion of the intermediate DMV was 0.69 Ϯ 0.03 and that after the lesion was 0.98 Ϯ 0.02 (Fig. 1B) . A significant difference in the mean motility ratio compared with 1.0 was observed before the lesion (t ϭ 10.72, P Ͻ 0.05, n ϭ 7); however, no significant difference was observed after the lesion (n ϭ 7). An injection of isotonic saline into the intermediate DMV was given to the other animals. Sham lesions of the intermediate DMV did not affect the inhibitory response of the stomach induced by the administration of water (Table 1) . A significant difference in the mean motility ratio was observed before the sham lesion (t ϭ 7.10, P Ͻ 0.05, n ϭ 6) and after the sham lesion (t ϭ 14.71, P Ͻ 0.05, n ϭ 6).
The effect of the lesion of the caudal DMV on the gastric motility of the distal stomach was investigated. Injection of kainic acid into the intermediate DMV was performed in seven animals. Successful lesions of the caudal DMV were confirmed histologically in six animals. The lesion of the caudal DMV reduced the contractility of the stomach in all animals tested (Fig. 1) . Ten minutes after the injection of kainic acid, phasic contraction was stabilized. A significant difference was observed between the mean motility area before the lesion and that after the lesion (t ϭ 7.06, P Ͻ 0.05, n ϭ 6) ( Table 1) . Before the lesion, the mean motility area for 2 min after the administration of water was significantly smaller (t ϭ 6.51, P Ͻ 0.05, n ϭ 6) than that before the administration. After the lesion of the caudal DMV, as shown in Fig. 1A and Table 1 , the lesion of the caudal DMV did not impair the inhibitory response in motility (t ϭ 13.11, P Ͻ 0.05, n ϭ 6). A significant difference was also observed (t ϭ 13.11, P Ͻ 0.05, n ϭ 6) between the mean motility area before the administration of water (1.58 Ϯ 0.05 kPa ϫ min, n ϭ 6) and that after the administration (1.21 Ϯ 0.06 kPa ϫ min, n ϭ 6). The mean motility ratio observed before the lesion of the caudal DMV was 0.65 Ϯ 0.04 and that after the lesion was 0.77 Ϯ 0.02 (Fig. 1B) . A significant difference in the mean motility ratio compared with 1.0 was observed before the lesion (t ϭ 7.98, P Ͻ 0.05, n ϭ 6) and after the lesion (t ϭ 12.58, P Ͻ 0.05, n ϭ 6). The injection sites of the kainic acid are presented in Fig. 1C .
Cholinergic contribution to the gastric response. After the identification of the inhibitory response of gastric motility induced by the administration of water, an injection of atropine was given. The injection of atropine abolished the inhibition of contractile activity induced by the administration of water (Fig. 2) . Before the injection of atropine, the mean motility area for 2 min after the administration of water (1.00 Ϯ 0.20 kPa ϫ min, n ϭ 8) was significantly smaller (t ϭ 5.490, P Ͻ 0.05, n ϭ 8) than that before the administration of water (1.60 Ϯ 0.27 kPa ϫ min, n ϭ 8). After the injection of atropine, however, no significant difference was observed (n ϭ 8) between the mean motility area before the administration of water (0.78 Ϯ 0.074 kPa ϫ min, n ϭ 8) and that after the administration of water (0.77 Ϯ 0.077 kPa ϫ min, n ϭ 8). The mean motility ratio observed before the injection of atropine was 0.61 Ϯ 0.055 and that after the injection of atropine was 0.99 Ϯ 0.020. A significant difference in the mean motility ratio compared with 1.0 was observed before the injection of atropine (t ϭ 6.98, P Ͻ 0.05, n ϭ 8); however, no significant difference was observed after the injection of atropine (n ϭ 8).
The effects of atropine on the relaxatory response of the proximal stomach induced by the administration of water into the larynx and the electrical stimulation of the central cut end of the left SLN were examined. Intravenous injection of atropine tended to reduce intragastric pressure transiently. However, the mean intragastric pressures immediately before the stimuli were not significantly different [ Values are means Ϯ SE. Mean motility area for 2 min before and after administration of water is shown. Pre and Post, before and after sham lesion or lesion. * Significant difference compared with mean motility area before administration of water in prelesion of the caudal dorsal motor nucleus of the vagus (DMV). † Significant difference compared with mean motility area before administration of water in each row.
stimulation of the SLN postatropine, 0.51 Ϯ 0.042 kPa; the administration of water postatropine, 0.51 Ϯ 0.044 kPa). Both the administrations of water and electrical stimulation induced relaxation of the proximal stomach. Figure 3 shows a typical example (Fig. 3A) and mean value (Fig. 3B) . The administration of water and the electrical stimulation decreased the mean intragastric pressure by 0.12 Ϯ 0.026 kPa (n ϭ 9) and by 0.13 Ϯ 0.020 kPa (n ϭ 9), respectively. After the administration of atropine, the mean reduction in intragastric pressure induced by the administration of water was only 0.01 Ϯ 0.006 kPa, and that induced by the electrical stimulation was 0.06 Ϯ 0.014 kPa. The mean reduction in intragastric pressure was significantly different between the values obtained from four different conditions (F 3,32 ϭ 8.77, P Ͻ 0.05). The post hoc test showed that the administration of atropine decreased the magnitude of the mean reduction in intragastric pressure induced by the administration of water (P Ͻ 0.05) and that induced by the electrical stimulation of the SLN (P Ͻ 0.05). After the administration of atropine, the mean reduction in intragastric pressure induced by the electrical stimulation of the SLN was significantly larger than that induced by the administration of water (P Ͻ 0.05).
Neural response of the DMV neurons. Antidromic responses to the electrical stimulation of the anterior subdiaphragmatic vagus of 101 neurons were recorded in the DMV. Nineteen and 82 were recorded in the caudal and in the intermediate DMV, respectively. The antidromic responses were ascertained by a cancellation of the elicited response by collision with spontaneous discharges, a constant latency, and the ability to follow double pulse stimulations with intervals Ͻ10 ms as described previously (19, 20) . The cancellation of the antidromic response was always observed when the stimulus pulse triggered by the spontaneous impulse was delivered (Fig. 4A) . Latencies of antidromic responses varied from 90 to 205 ms (140.9 Ϯ 2.7 ms, n ϭ 99). There were no marked differences between the mean latency of neurons that responded to the administration of water into the posterior oral cavity (waterresponsive neurons: 137.9 Ϯ 4.4 ms, n ϭ 44) and that of neurons that did not respond to the administration of water (nonresponsive neurons: 143.3 Ϯ 3.3 ms, n ϭ 55).
Of 101 neurons that showed an antidromic response to electrical stimulation of the anterior subdiaphragmatic vagus, a change in the firing rate in response to the administration of water was observed in 10 caudal and 36 intermediate DMV neurons. All water-responsive neurons showed a decrease in firing rate after the administration of water but not 0.15 M NaCl (Fig. 4B) . In five neurons (2 in the caudal and 3 in the intermediate DMV), 0.15 M saline could not be administered. No neuron in the DMV showed increases in the discharge rate in response to the administration of water. The other 55 neurons (46 in the caudal and 9 in the intermediate DMV) did not show changes in their firing rates after the administration of water. Figure 5 shows the mean discharges of the DMV neurons after the administration of water and 0.15 M NaCl in waterresponsive neurons. In water-responsive neurons, the mean discharge for 5 s immediately after the administration of water (2.09 Ϯ 0.38, n ϭ 46) was significantly smaller (t ϭ 11.42, P Ͻ 0.05, n ϭ 46) than that immediately before the administration of water (7.26 Ϯ 0.80, n ϭ 46). No significant difference was observed between the mean discharge for 5 s immediately before the administration of 0.15 M NaCl (6.56 Ϯ 0.783, n ϭ 41) and that immediately after the administration of 0.15 M NaCl (6.37 Ϯ 0.84, n ϭ 41). Nonresponsive neurons did not show a significant difference between the mean discharge for 5 s immediately before the administration of water (11.78 Ϯ 1.23, n ϭ 55) and that immediately after the administration of water (11.20 Ϯ 1.17, n ϭ 55). The effect of electrical stimulation on the left SLN was observed in 10 neurons that showed decreased firing rates in response to the administration of water. All neurons tested showed a lack of a spontaneous discharge, suggesting inhibitory inputs from SLN afferent neurons (Fig. 4C) . Fig. 3 . Effects of the injection of atropine on relaxation in the proximal stomach. A: a sample recording of intragastric pressure in the proximal stomach. The magnitude of the reduction in intragastric pressure induced by the electrical stimulation of the superior laryngeal nerve (SLN-ES) decreased, and similar reductions induced by the administration of water (filled circles) were not observed after the injection of atropine. B: mean change in intragastric pressure induced by SLN-ES or the administration of water. * Significant differences compared with the mean decrease in intragastric pressure before the administration of atropine. † Significant difference compared with the mean reduction in intragastric pressure induced by the administration of water after the administration of atropine. The recording sites of antidromic response to the electrical stimulation of the subdiaphragmatic vagus were plotted on the horizontal plane of the caudal medulla (Fig. 6A) . Example stainings of recording sites of the neurons that responded to a laryngeal administration of water were plotted on drawings of the frontal sections taken from an atlas (36) (Fig. 6B) . Eighteen sites in the left DMV were stained. No staining outside of the DMV was observed. Thus the recording positions were restricted to the DMV.
In addition, the response to the administration of water into the posterior oral cavity was examined in 17 neurons that did not show an antidromic response to the electrical stimulation of the anterior subdiaphragmatic vagus. Among them, nine neurons increased their firing rate in response to the administration of water, four neurons decreased, and the other four neurons did not respond to the administration of water. Recording sites were confirmed in nine neurons. The recording sites marked by Pontamine sky blue were in the lateral part of the nucleus of the solitary tract (NST) (4 neurons), the hypoglossal nucleus (1 neuron), or the reticular formation lateral to the DMV (4 neurons). No staining was observed in the DMV.
DISCUSSION
The findings of the present study showed that the inhibition of vagal preganglionic neurons was responsible for the inhibition of gastric motility induced by the administration of water into the larynx. Chemical lesions of the intermediate DMV abolished the inhibition of the phasic contraction of the distal stomach induced by the administration of water. The neurons that showed an antidromic response to the electrical stimulation of the subdiaphragmatic vagus decreased their firing rate in response to the administration of water. The injection of atropine also abolished the inhibition of the phasic contraction of the distal stomach induced by the administration of water. Taken together, the inhibition of preganglionic neurons, whose cell bodies are situated in the intermediate DMV, are responsible for inhibiting contractions in the distal stomach via a cholinergic pathway.
The neuronal diversity of the DMV was demonstrated in previous studies (8, 18) . Distension of the esophagus is well known to induce gastric relaxation and the inhibition of contraction (38) . The intermediate DMV has at least two types of neurons (38) . One is excited and the other is inhibited in response to esophageal distension (38) . In contrast, the neurons in the caudal DMV are exclusively excited in response to esophageal distension (38) . The caudal and extreme rostral, but not intermediate, DMV neurons revealed NOS-IR (23) . Caudal DMV neurons projecting to the gastric fundus revealed NOS-IR, but the intermediate DMV neurons did not (49) . Thus the DMV is functionally diverse in the regulation of gastric motility. In the present study, we demonstrated that injections of kainic acid into the intermediate DMV abolished the inhibition of distal stomach contractions induced by the administration of water. In acute experiments, the concentration of kainic acid used in the present research is considered to be adequate to ablate the excitability of neurons (2, 4, 22) . In contrast, similar injections into the caudal DMV did not affect the inhibition in motility of the distal stomach. These findings indicate that vagal preganglionic neurons of the intermediate DMV play an essential role at least in the inhibition of distal stomach contractions induced by laryngeal water-responsive afferent neurons. In the present study, the effect of separate lesions of the DMV on the relaxatory response of the proximal stomach was not examined. Therefore, we cannot comment on the regional specificity of the DMV in the regulation of motility in the proximal stomach.
Receptive relaxation (9) is a well-known reflex induced by the extrinsic nervous system to facilitate reservoir function. The inhibitory response of the stomach induced by water fibers in the SLN may have a role in facilitating reservoir function such as receptive relaxation. It is proposed that NANC myenteric neurons are concerned with the gastric inhibitory response induced by the parasympathetic preganglionic neurons (1) . The participation of NANC transmitters such as vasointestinal polypeptides and/or nitric oxide in vagiinduced gastric relaxation was demonstrated in rodents (3, 10, (24) (25) (26) (27) 47) . We did not test the effects of these NANC transmitters on the inhibition of gastric motility caused by the SLN afferents. In the present study, the inhibition of phasic contraction induced by the administration of water was not observed after the injection of atropine. Relaxation in the proximal stomach induced by the administration of water also disappeared after the injection of atropine. Because atropine methyl nitrate, which was used in the present study, does not pass the blood-brain barrier (37) , cholinergic myenteric neurons are probable candidates responsible for both the relaxation of the proximal stomach and the inhibition of distal stomach contractions induced by the administration of water. Neural response of the DMV neurons also supports the idea that the ablation of tonic inputs to the stomach is responsible for the inhibitory response of the stomach induced by the administration of water, because DMV neurons were inhibited exclusively in response to the administration of water. However, relaxation of the proximal stomach, induced by electrical stimulation of the SLN, which contains water fibers, was decreased in magnitude, but did not disappear, after the administration of atropine. The afferent neurons in the SLN responded not only to water but also to other stimulants. The SLN afferent fibers also responded to the mechanical stimulation (5) in addition to other taste stimulants (6, 43) . Simultaneous activation of these sensations may cause the activation of NANC-myenteric neurons.
Neurons in the DMV that antidromically responded to the electrical stimulation of the subdiaphragmatic vagus exclusively decreased their firing rate in response to the administration of water in animals that underwent denervations of other taste nerves. Therefore, ablation of tonic inputs to the stomach induced relaxation and the inhibition of contraction. Neurons in the NST showed excitation in response to the administration of water and the other taste stimulants (46) . Most NST neurons showed an excitatory postsynaptic potential in response to the electrical stimulation of the SLN (30) . The DMV neurons might receive superior laryngeal afferent information from the NST neurons via inhibitory synapses. In fact, water-responsive neurons in the DMV were exclusively inhibited in response to electrical stimulation of the SLN in the present study. An inhibitory postsynaptic potential induced by the electrical stimulation of the NST was observed in the DMV (13). Many investigators found that GABAergic inputs play a role in gastric motor functions (7, 42, 48) . DMV neurons were almost exclu-sively inhibited by the distension of the gastric antrum (29) . Therefore, GABAergic inputs may have a role in the gastric inhibitory response induced by superior laryngeal afferent inputs.
Perspectives
In the present study, we demonstrated the involvement of peripheral cholinergic neurons in the inhibition of gastric motility induced by SLN afferents. The contribution of NANC myenteric neurons was not verified in the present study. However, a NANC contribution is possible, because gastric relaxation induced by electrical stimulation of the SLN was not completely abolished after the administration of atropine. Although we could not find the excitatory response of DMV neurons induced by laryngeal afferent activation, anatomic studies revealed that the electrical stimulation of the SLN induced c-fos expression in the DMV of cats and mice (14, 40) . These anatomic studies did not identify the organ where neurons project. Recently, c-fos expression after esophageal distension was observed in DMV neurons, identifying the projection to the stomach (15) . A similar method might be applied to find out whether NANC neurons are involved in laryngeal afferent-mediated gastric inhibition.
